Abstract-A new class of polarizing surface is proposed that in a given frequency band can reflect incident linearly polarized waves with circular polarization (CP) while at other frequencies is transparent allowing incident waves to transmit unaffected. The proposed structure consists of two parallel anisotropic frequency selective surfaces (FSSs) that independently interact with TE or TM waves, respectively. The FSSs are designed to, respectively, transmit TE and TM waves within the same transmission frequency range, so that the combined structure is transparent to all polarizations in this band. Likewise, the two arrays are designed to, respectively, reflect TE and TM incident waves in a common reflection band, so that all polarizations are fully reflected in this range; if the separation of the two arrays is such that the TE and TM components of an incident wave polarized at slant 45
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• phase shift, reflection will occur in CP. The concept and performance limitations are theoretically investigated using transmission line theory as well as full wave results. The predicted performance is validated by means of experimental results on a fabricated prototype. The proposed structure is pertinent for employment as a quasi-optical diplexer in CP dual-band systems such as reflector antennas.
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I. INTRODUCTION

M
ODERN developments in satellite communications have introduced an increased demand for spectral efficiency and methods such as frequency reuse by polarization diversity and multiband operation [1] , [2] . These methods allow the communication capacity of the antenna system to be increased while reducing the mass and volume. To provide multiband operation in systems such as a reflector antenna, a quasi-optical frequency diplexer can be utilized at the feed arrangement together with feed antennas placed at either side [2] - [6] , Fig. 1 . In such a configuration, the diplexer is designed to be reflective for the frequency associated with a given feed, thus acting as a subreflector, while it is transparent for the frequency associated with the other feed. Both feeds can therefore illuminate the same main reflector according to an effective feed placed at the focal point. The advantages of circular polarization (CP) operation for communication and sensing systems in terms of simplifying transmitter-receiver alignment and overcoming Faraday rotation are well known [7] . Such requirements have driven the development of frequency selective surfaces (FSSs) as diplexers in antenna systems [2] - [6] . Although the majority of the aforementioned designs have focused on symmetrical elements, which, in principle, are suitable for diplexing CP waves, the performance of quasi-optical diplexers in terms of axial ratio for reflected and transmitted waves has yet to be reported. To this end, the development and performance evaluation of a quasi-optical CP diplexer remains to be addressed.
On the other hand, free-space quasi-optical LP to CP polarization conversion surfaces have been developed for satellite communications [8] and imaging systems [9] , [10] as they provide additional agility in customizing the signal path when compared with transmission line polarizers. Various concepts for the implementation of polarizing surfaces in both transmit and reflect mode have been developed previously [9] - [20] and have found pertinent applications in quasi-optical components such as isolators [9] or removing the requirement for quarterwavelength plates [20] , respectively. Despite such favorable advances, none of the mentioned polarization converters have transmission and reflection bands which are required for operation as a frequency diplexer.
In this paper, a new class of polarizing surface is proposed, which overcomes these issues. The proposed structure performs as a reflection polarizer within a given frequency band converting an incoming wave LP at slant 45
• into an outgoing CP wave. Meanwhile at a different frequency band, the surface is transparent to incoming waves for all polarizations, and therefore allows unaffected transmission of incoming waves, including those in CP. The performance of the proposed structure in terms of CP purity is assessed in both the reflection and transmission band, and therefore another contribution of this work is the first reported performance evaluation of a CP quasi-optical frequency diplexer. This paper is structured as follows: the operating principle is presented in Section II where the performance limitations are evaluated by means of transmission line theory. Section III presents performance evaluation by means of full-wave results and two different design approaches. Performance is validated 0018-926X © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. by means of testing an experimental prototype in Section IV, where good agreement between theory and experiment is observed.
II. OPERATION PRINCIPLE
The structure consists of two anisotropic FSSs that independently interact with TE or TM waves, respectively. The FSSs are positioned in parallel above each other at a precise distance h. In the remaining dipole-based FSSs are considered as displayed in Fig. 2(a) . The dipoles in one array are rotated by 90
• with respect to those in the other. Excitation is provided by a plane wave linearly polarized at slant 45
• , which can be decomposed into a TE and a TM component of equal magnitudes. By virtue of aligning the dipole geometry, each FSS array interacts with either the TE or the TM component, while is transparent to the orthogonal component. For simplicity, we assume that the TE polarized wave interacts only with the front array while the TM polarized wave only interacts with the back array, although the concept is valid in the dual scenario.
Both FSSs are designed so that they resonate at the same frequency f 1 , at which the front/back array will fully reflect the TE/TM incoming linear polarized wave with a fixed phase reversal. At that frequency, the structure will therefore fully reflect the incoming wave. The TM wave propagates twice the distance h between the FSSs reflecting off the back array, while the TE polarized wave would be reflected only by the front array. If the electrical separation between the FSSs h is set to 45
• and the reflection phase from the two FSSs is coincident then the additional propagation length provides a phase difference of 90
• between the two polarizations and therefore the reflected wave is CP. The concept works for ±45
• illumination providing RHCP/LHCP, respectively. Likewise, if the front/back arrays are designed such that at another frequency f 2 , they are (almost) transparent with coincident magnitude and phase response for TE and TM polarized waves, then at that frequency range the combined structure will not interfere with incoming waves of any polarization. An incoming CP plane wave will therefore transmit (almost) unaffected. 3 displays the CP conversion concept upon reflection using a transmission line model; in the ideal scenario described above, it is assumed that at frequency f 1 the top FSS is fully reflective for TE polarized waves and the bottom FSS fully reflective for TM polarized waves. On that basis, the corresponding array represents a short circuit boundary condition to the incoming waves. Analytical expressions for the TE and TM reflection coefficients (Fig. 3) can then be easily derived. For TE polarized waves the top dipole array represents a short circuit and the reflection coefficient can be simply expressed as Fig. 4 . Plots of axial ratio calculated using the results from the circuit modelangle of incidence θ 0 = 45 • and εr equal to 1, 2, 3, and 5. It is assumed that the front FSS fully reflects TE waves and the back, TM waves over the whole frequency range.
When considering TM polarized waves the top dipole array is transparent while the bottom dipole array represents a short circuit so that the reflection coefficient simplifies to that of the grounded substrate. This may be expressed as
where λ 0 is the free space wavelength, h is the separation between the FSSs, ε r is the relative permittivity of the material separating the FSSs, and θ 0 is the angle of incidence in free space. The angle of the wave in the substrate, determined from Snell's law, is represented by θ 1
For a specified ε r , separation h, and angle of incidence θ 0 , it can be determined at what frequency a reflection phase difference of 90
• is achieved. The derived expressions can be used to obtain initial dimensions for the separation distance between the two FSSs. They also provide the performance limitations of the polarizing function. From the reflection phase difference between TE and TM polarizations the limits of axial ratio can be derived using the expression in [21] . For an angle of incidence θ 0 = 45
• , Fig. 4 displays the calculated axial ratio with freestanding arrays (ε r = 1) and substrates with ε r equal to 2, 3, and 5. With ε r = 1, the 3-dB axial ratio fractional bandwidth is approximately 44%. Increasing the relative permittivity causes the bandwidth to reduce.
These expressions also provide an insight into the angular stability of the reflection axial ratio. The angular stability of the axial ratio is defined by the variation in the response of the FSSs and the variation of the electrical length between the FSSs with angle of incidence. Using (1)-(3), it can be shown how the change in electrical length between the FSSs alone affects the axial ratio. Fig. 5 shows how the normalized edge frequencies of the 3-dB axial ratio bandwidth (left axis) vary with incidence angle for different values of relative permittivity. It also shows the variation with the angle of incidence in the fractional 3-dB axial ratio bandwidth common to that associated with a nominal angle of incidence = 45
• . For ε r = 1, changing the incidence angle by ±10
• from 45
• causes the common 3-dB axial ratio bandwidth to reduce to about 25%. From Fig. 5 , it can be seen that a substrate material between the FSSs improves the angular stability. For ε r = 2 and 45
• incidence, the 3-dB axial ratio bandwidth is approximately 40%. Changing incidence angle by ±10
• causes the common axial ratio bandwidth to reduce to approximately 37%.
III. PERFORMANCE ANALYSIS
In order to account for the effects of array performance in the overall response of the proposed reflection polarizer, in this section an investigation exploiting the commercial fullwave tool CST Microwave Studio (MWS) [22] is presented. Initially, the unit cell geometry depicted in Fig. 2 is considered. For such a dipole array, the reflection band occurs in the vicinity of the resonance frequency, while a transmission band occurs at lower frequencies where the metallic dipoles have little interaction with the incoming wave. In the remaining, only the TE response was investigated (associated with the top array), and it was assumed that a similar TM response could be achieved by tuning the element of the bottom array [23] - [25] . Parametric studies were conducted in order to obtain reflection and transmission characteristics and design guidelines.
In order to quantify performance, the transmission/reflection bands are, in the remaining, defined as the frequency range over which the magnitude of the transmission/reflection coefficient is greater than −0.5 dB. The fractional separation is then defined as the difference between the frequencies at which the reflection and transmission magnitudes are equal to the threshold value of −0.5 dB divided by the frequency at the mid-point between these two (see also next section). With these definitions, Fig. 6 shows the relationship between fractional reflection bandwidth and fractional separation for dipole arrays when varying the unit cell periodicity (dimension D xt in Fig. 2) . As shown, an almost linear relationship between With the view of enabling closer spaced reflection and transmission bands, perturbed dipole arrays are now considered. Fig. 7 (a) and (b) depicts the unit cells and variable definition of the top and bottom perturbed dipole arrays. Along with a reflection band that is a perturbation of what is observed in uniform dipole arrays, perturbed dipole arrays exhibit an additional reflection band at lower frequencies with a transmission band between the two. The transmission band occurs as a result of the excitation of odd mode characterized by anti-parallel currents flowing between two neighboring dipoles [26] . As before a unit cell of the top FSS was created in CST MWS and the TE response was simulated assuming that a co-incident TM response is available upon tuning the design. Fig. 8 shows the relationship between the fractional separation, fractional reflection bandwidth, and fractional transmission bandwidth achieved by increasing the level of perturbation (reducing dimension L t1 in Fig. 7) . Similar to the unperturbed case, a linear relationship exists between the fractional separation and fractional reflection bandwidth. However, in this case, the separation can be greatly reduced while maintaining a relatively wide reflection bandwidth. For a single dipole unit cell a reflection bandwidth of 10% resulted in a separation of approximately 50% whereas when using perturbed dipoles this can (Fig. 7) -freestanding perturbed dipole FSS, TE polarized wave incident at θ 0 = 45 • . be reduced to 6.5%. As the fractional reflection bandwidth is increased, the fractional transmission bandwidth increases to a maximum of approximately 9% and then begins to reduce just above 13%.
IV. DESIGN EXAMPLE
The perturbed dipole geometry was chosen for experimental validation as it allows for the reflection and transmission bands to be brought closer together while maintaining the reflection bandwidth. In the reflection band, the structure converts an incoming wave LP at slant 45
• to an outgoing CP wave. In the transmission band, the surface is transparent to incoming waves for all polarizations allowing CP waves to transmit almost unaffected. In this example, the reflection band is centered at approximately 20.5 GHz while the transmission band is centered at approximately 26 GHz. Taconic TLX-9 laminates (thickness = 130 μm, permittivity ε r = 2.5, and loss tangent tan δ = 0.0019) were chosen for the array fabrication. Rohacell foam (permittivity ε r = 1.07 and loss tangent tan δ = 0.0011) was selected as a spacer onto which the array laminates would be bonded. Using the analytical expressions for TE and TM reflection coefficient for the chosen substrates and an angle of incidence θ 0 = 45
• , it was determined that a reflection phase difference of 90
• would occur at approximately 20.5 GHz for a 2-mm thick sheet of Rohacell foam. The remaining design requirements reduce to synthesizing the TE response for the top FSS and TM response for the bottom FSS so that they are coincident around the reflection and transmission bands at 20.5 and 26 GHz, respectively.
CST MWS was used to design and simulate each FSS array separately. Although for the benefit of simulation accuracy, it would generally be preferred to simulate the two arrays simultaneously so that any coupling effects between those are accounted for, in practice, that would limit the design to arrays with commensurate dimensions; this would be an unnecessary restriction. Given that the two arrays consist of dipole elements in orthogonal dimensions, there is minimal coupling between those so that simulating the arrays in isolation represents a good and valid approximation. This observation is confirmed by the experimental results reported later in this section. Fig. 7 (a) and (b) shows the unit cells of the top and bottom FSSs, respectively. In each case, a unit cell was constructed and the structure was modeled as an infinite array by applying periodic boundary conditions in the y-and x-directions. Floquet ports were set up in the positive and negative z-directions. The substrate consisting of two TLX-9 sheets and a Rohacell sheet was used in the model for each FSS. Parametric analyses were carried out to achieve the required results. Referring to Fig. 7(a) and (b) the dimensions (mm) were
, L b2 = 6.3, and W b1 = W b2 = 0.5. Fig. 9 displays the simulated reflection and transmission magnitudes of the polarizer structure for TE and TM polarized waves. The reflection bandwidth, transmission bandwidth and separation are also marked in the figure. The TE and TM response are to a good approximation coincident within the reflection and transmission bands. Fig. 10 shows the simulated reflection and transmission phase. In the reflection band at approximately 20.5 GHz, the difference between the reflection phase for TE and TM polarizations is approximately 90
• . In the transmission band at approximately 26 GHz, the transmission phase is almost equal for TE and TM polarizations. The cross-polarization contribution from each layer in isolation is negligible. Moreover and as discussed above, it is not easy to quantify cross-polarization arising from the coupling between the two arrays using full-wave electromagnetic simulations as the two arrays do not have commensurate unit cells. Instead the effect of cross-polarization has been assessed experimentally and as will be shown later was found to be negligible.
An angular stability analysis was carried out. The structure was excited at the angles of incidence, θ 0 = 35
• , 40
• , 45
• , and 50
• . For all angles of incidence, the reflection magnitude (TE and TM polarizations) is greater than −3 dB from 17.8 to 22 GHz (approximately 20%). Transmission magnitude is greater than −3 dB at all simulated angles between 23.3 and 28 GHz (approximately 20%). The axial ratios were calculated from the simulated TE and TM reflection and transmission coefficients. The reflection axial ratio refers to the CP generated by the structure while the transmission axial ratio shows how the CP of the incoming wave has been affected by transmission through the structure. Fig. 11 shows the reflection axial ratio for each angle while Fig. 12 shows the transmission axial ratio. The reflection axial ratio is less than 3 dB for the angles 40
• and 50
• between 20.2 and 21 GHz (approximately 4%). For transmission the axial ratio is less than 3 dB for all simulated angles between 23.8 and 28 GHz (approximately 16%). The top and bottom FSSs were fabricated on 130 µm thick, TLX-9 substrates. A spray glue was used which has negligible effect on the electromagnetic performance, to bond these on either side of a 2-mm thick Rohacell sheet. The size of the top array was 302 × 302 mm (53 × 53 unit cells) while the bottom array was 304 × 304 mm (46 × 46 unit cells). Alignment holes in the array margins were used to aid with the structure assembly. Presented in Fig. 13 is a photograph of the assembled polarizer structure with the top perturbed dipole FSS visible. The inset shows a zoomed-in view of the copper elements on the bottom FSS.
The polarizer structure was measured to validate the simulation results. Two standard-gain horn antennas operating in the frequency range 18-27 GHz and a vector network analyzer (VNA) were used to measure the complex transmission and reflection coefficients. To measure the transmission coefficient the LP horn antennas were placed either side of the array which was supported by a stand and surrounded by radar absorbing material (RAM). The antennas were placed at an angle of 45
• from the normal and 75 cm from the array. The complex transmission coefficient is measured using the horn antennas and then normalized with respect to an identical measurement where the polarizer structure has been removed. The complex reflection coefficient was measured by placing both horns on the same side of the array each at an angle of 45
• from the normal. This measurement was normalized with the array replaced with a metallic plate of the same dimensions. Rotation of both the horn antennas by 90
• allowed co-polar TE and TM incidence to be measured.
The cross-polar components were experimentally measured in order to understand how they affected the axial ratios of the reflected and transmitted waves. For cross-polar reflection and transmission measurements, one horn antenna was placed vertically while the other was placed horizontally (rotated by 90
• ). The co-polar reference measurements were used in the cross-polar measurements. In all cases (not shown for brevity), the cross-polarized component was less than −26 dB when compared with the co-polar component. This is expected considering the low coupling between the two arrays of orthogonal dipoles and the low cross-polarization generation from a single dipole array. This observation enables independent design of each dipole array, although commensurate unit cells [27] or techniques for analyzing cascaded FSS screens with dissimilar lattice geometries [28] can, in principle, be employed for introducing cross-polarization estimations at the design level.
In Fig. 14 , the simulated and measured co-polar transmission and reflection magnitudes of the polarizer structure for TE polarized waves are displayed. The same is presented in Fig. 15 for TM polarized waves. In each case, there is relatively good agreement between simulation and measurement. Fig. 16 displays the simulated and measured reflection axial ratio for the structure, while Fig. 17 shows the transmission axial ratio. The measured results excluding and including the cross-polar components are plotted in each figure. As expected from the low level of cross-polarization generation, there are minimal differences between the two curves.
V. CONCLUSION
A new class of linear-to-circular polarization conversion reflectors with a transmission band has been proposed. The proposed reflectors comprise two parallel dipole FSS arrays. The two FSSs are designed to exhibit identical magnitude and phase response for TE and TM incidence, respectively, in both a reflection and a transmission band. By carefully selecting the separation between them, it is possible to reflect incoming waves linearly polarized at slant 45
• in CP, while also maintaining a transmission band. Performance has been investigated by means of transmission line models, full-wave results and experimental test, including a study of the axial ratio for both the reflection and transmission band. Although the structure is inherently band-limited, the performance can still be relevant to several applications as a quasi-optical frequency diplexer, such as CP dual-band reflector antenna systems. 
